Abstract We investigated how cognitive demand affects the acquisition of adaptive hand-eye coordination in a low-fidelity endoscopic simulator. Participants performed a peg transfer task. In the pre-exposure and post-exposure phases participants moved objects between pegs with forceps while directly viewing the pegboard. In the exposure phase participants completed that task while indirectly viewing the pegboard through a camera and monitor with a 90°clockwise visual rotation. A control group completed the experiment as described whereas an experimental group concurrently performed a short-term memory task (digit rehearsal) during the exposure phase. Performance was significantly disrupted during early exposure-phase performance for both groups. The cognitive task caused an additional initial performance decrement for the experimental group, but their performance quickly converged on control-group performance. Both groups' performance improved over trials. Competition for attentional resources imposed by memory demands can impair simulator performance, but performers can quickly learn to compensate for the increased attentional demand.
Introduction
In contrast to traditional open surgery, the normal mapping between the hands and the eyes is distorted in the endoscopic environment. Because of the altered hand-eye mapping instruments may appear to move in a direction different than the actual direction of movement. That situation presents a perceptual-motor challenge to surgeons and may cause a disruption in surgical performance (Emam et al. 2002; Holden et al. 1999) . Endoscopic training entails perceptual-motor learning that enables surgeons to overcome the challenge induced by the altered hand-eye mapping. Although the endoscopic environment introduces additional perceptual-motor challenges associated with reduced depth information and image quality (see, e.g., ReinhardtRutland et al. 1999) , reduction of movement degrees of freedom, and loss of haptic feedback (e.g., MacFarlane et al. 1999) , we restricted the focus of this study to the distorted hand-eye mapping.
In this study, we were particularly interested in how adaptive perceptual-motor performance in an endoscopic simulator would be affected by extraneous cognitive demands placed on the performer. Minimally invasive surgical techniques such as endoscopy place substantial cognitive demands and mental stress on the surgeon (Berguer et al. 2001; van Veelen et al. 2003; Vericzkei et al. 2003) . Therefore, it is important to understand the cognitive demands associated with endoscopic performance, especially given that surgeons have to cope with cognitive demands above and beyond the perceptual-motor demands of the endoscopic environment. For instance, in addition to performing the complex movements demanded by the surgery, surgeons must attend to physiological monitors to maintain awareness of critical patient information (e.g., vital signs), attend auditorily to the beep of the pulse-oximeter, remember the proper sequence of steps for a given surgical procedure, and converse with the anesthesiologist about the patient's status, with the scrub nurse about surgical instruments and procedures, and with the circulating nurse or other clinicians about events occurring beyond the operating room (sometimes these conversations even occur over the phone, which is held to the surgeon's ear by the circulating nurse, without the surgeon pausing the surgery). It is clear that surgeons face a variety of concurrent cognitive demands.
To introduce concurrent cognitive load during visuomotor performance in our experiment we used a comparatively simple short-term memory (STM) task, but one that was more amenable to experimental control than the factors described above-rehearsing strings of random digits. That task required participants to mentally maintain multiple bits of information, much like the surgeon must maintain multiple bits of information regarding patient physiology, the proper instrument choice for the next step in a surgical technique, information from the anesthesiologist, and so on.
Research on cognitive effects on adaptive perceptualmotor performance could have important implications for reducing medical errors. It is important to determine the cognitive constraints on perceptual-motor performance in the endoscopic environment in order to establish guidelines for eliminating sources of cognitive workload that degrade surgical performance. That research could also have implications for surgical training procedures by shedding light on the fundamental neurocognitive and perceptual-motor processes underlying the learning curve that characterizes endoscopic performance. Once those underlying neurocognitive and perceptual-motor processes are identified, specific training interventions could be introduced in order to shorten the learning curve.
Learning the perception-action skills required by endoscopic surgery can take from 3 months to 2 years of simulator and animal training (Hawes et al. 1986 ). In addition to that training, up to about 25 actual supervised procedures may be required for surgeons to gain a level of proficiency required for unsupervised operations on patients. Even after extensive training the perceptual motor-conditions of the endoscopic environment are still demanding. One reason is that the altered hand-eye mapping is not consistent from surgery to surgery or even within a given surgery. During the course of a procedure, the camera may be moved and/or rotated, or the surgeon may have to change position from one side of the patient to the other. Holden et al. (1999) found that simulator performance was disrupted when the camera was moved relative to surgical instruments and when participants changed position relative to the camera, but not when the camera and participant positions were changed simultaneously (when a consistent mapping between the camera and motor orientation was maintained). Thus, even after extensive training and surgical experience the acquisition of adaptive perceptual-motor performance is a persistent challenge for surgeons.
When performers are required to perform two or more tasks at the same time, and attention is required in order to perform each of the tasks, performance on at least one task usually suffers. That dual-task performance decrement is often explained in terms of limited attentional or cognitive resources (Kahneman 1973; Wickens 1984) . In this view, attention is treated as a limited resource to be allocated between different perceptual, cognitive, or motor tasks. The inability to successfully perform two tasks concurrently might occur if a general pool of resources becomes exhausted (single resource theory; Kahneman 1973) or if different activities demand different types of resources and the same pool of resources is accessed by more than one task (multiple resource theory; Wickens 1984) . According to the latter theory resource pools are differentiated according to information processing stages (encoding and central processing versus responding), processing codes (spatial versus verbal), and perceptual modality (e.g., auditory versus visual). If the demands imposed by two tasks do not overlap, concurrent performance of both tasks should not suffer.
The primary purpose of this study was to investigate whether adaptive performance in an endoscopic simulator would show an impairment under dual-task conditions. Very little is known about how simultaneous cognitive demand affects the process of acquiring adaptive hand-eye coordination. In the experiment participants completed a peg-transfer task in a lowfidelity endoscopic simulator. Performance of a similar peg transfer task has been shown to correlate strongly with in vivo performance (Derossis et al. 1998; Fried et al. 1999 ; see also Martin et al. 1997; Scott et al. 2000a, b; Scott et al. 2001 ). For instance, Fried et al. (1999) compared transferring (and six other tasks, including knot tying and suturing) performed by general surgery residents in a video-based simulator and in a live (anesthetized) pig using a scoring system that combined speed and accuracy measures. They found that performance on a peg-transfer task in the inanimate video simulator was significantly correlated (r = 0.47, p < 0.05) with a similar surgical transfer task performed in the animal model. The total score across all seven tasks was strongly correlated between the simulator and animal models (r = 0.76, p < 0.0001). Those authors concluded that simulator tasks such as peg transferring are valid methods for assessing endoscopic surgical skills. Since those tasks have been shown to be representative of surgical performance, and since they comprise an integral part of surgical training (Villegas et al. 2003) , their use in psychological studies on perception-action and cognitive aspects of endoscopic surgery seems well justified.
The peg task was performed using visual feedback from a TV monitor connected to a camera located 90°c lockwise to the participant. The 90°visual rotation produced a very challenging perceptual-motor condition. A control group completed only the peg transfer task whereas an experimental group concurrently performed the additional digit-string STM task. Perceptualmotor performance was operationalized in terms of two standard measures of endoscopic simulator performance, movement time and number of errors (drops) (e.g., Francis et al. 2002; Hasson et al. 2001; Rosser et al. 1998) .
We predicted that performance would be significantly disrupted (time to complete the task and errors would increase) by the 90°visual rotation. Performance was expected to improve with practice (a main effect of trials was expected). Such a result has been observed previously (e.g., Holden et al. 1999; Rosser et al. 1997; Scott et al. 2001) . Of particular interest in this study was the effect of the STM task on performance during the exposure phase, when experimental group participants performed under dual-task conditions. Since single and multiple resource theory make different predictions in this regard, the experiment allowed us to address a secondary goal of evaluating those two theories in the context of endoscopic simulator performance. Single resource theory predicts that experimental group performance would be significantly worse on the first exposure phase trial, because concurrent performance of the two tasks would exceed the performer's resource capacity. Single resource theory also predicts that the dual-task performance decrement should persist, although if with practice the peg transfer task came to require fewer resources, experimental group performance might become comparable to control group performance after some number of trials (i.e., a main effect of cognitive task and/or a task · trial interaction would be expected). On the other hand, Wickens ' (1984) multiple resource theory predicts no dual-task decrement (no main effect of task or task · trial interaction) since the tasks presumably differ in terms of processing stage (encoding/central processing for the STM task versus responding for the peg transfer task), processing codes (verbal for the STM task versus spatial for the peg transfer task), and perceptual modality (auditory for the STM task, since the digits were presented auditorily, versus visual for the peg transfer task).
Method

Participants
Undergraduate introductory psychology students from the University of Cincinnati (n = 34) received course credit for participating. All participants had normal or corrected-to-normal vision and were free of neuromuscular and musculoskeletal problems.
Apparatus
A low-fidelity endoscopic surgery simulator was used (see Fig. 1a ). The simulator consisted of a small box measuring 45.72 · 34.29 · 10.50 cm. The box was covered by an opaque, removable top. Two holes, located 7.11 cm apart horizontally, were cut in the center of the removable top to hold a set of two Ethicon Endosurgery 5 mm grasping forceps. A pegboard (see Fig. 1b ) was located at the bottom-center of the box. The pegboard consisted of three rows with two pegs in each row. Vertical separation between rows was 2.54 cm and horizontal separation between pegs in a row was 7.62 cm. The pegboard also contained two electrical contact buttons, located 3.30 cm to the left and right sides of the pegs. The buttons enabled a buzzer and started and stopped a timer upon contact. A color video camera (Panasonic AG-460) was mounted on a tripod at a fixed height (99.06 cm) to the left of the box. The camera was used to rotate visual feedback 90°clockwise during the exposure phase. Visual feedback was projected onto a 48.26 cm Panasonic color television monitor. The monitor was mounted at a fixed height (132.84 cm) and located directly in front of the participant. A light source (25 Wa) located between the video camera and pegboard illuminated the task environment.
Procedure
The experiment consisted of four phases: practice (practice data were not analyzed), pre-exposure, exposure, and post-exposure. The pre-and post-exposure phases were identical. Participants were randomly assigned to one of two groups; they received different treatments during the exposure phase-during which only the experimental group participants performed the STM task concurrently with the peg transfer task-but not during the other phases. The complete experiment consisted of 53 trials (practice: 3 trials; pre-exposure: 10 trials; exposure: 30 trials; post-exposure: 10 trials) and lasted between 1 and 1.5 h.
Digit memory test
Prior to the beginning of the experiment we measured experimental group participants' STM capacity using the digit memory test (Turner and Risdale 1997) . That test operationalizes STM capacity as digit span, which is the length of a string of digits a participant can correctly recall. Digit spans were tested forward and backward. For the forward test participants were presented random strings of digits and instructed to repeat the digits. Digits were presented auditorily by the experimenter at a rate of one digit per second. Digits were non-repeating. Two trials of each digit string length were administered. The digit strings increased in length by one digit (beginning with a length of two digits) after each pair of trials. The test terminated when a participant failed to recall both the digit strings in a pair of trials. The backward test was administered and scored exactly the same as the forward test, except that participants were instructed to repeat the numbers in the reverse order as presented. Overall digit span was calculated by averaging the digits-forward and digits-backward scores (mean digit span=5.71 digits; range=5-6 digits). We used the results of this test to tailor the difficulty of the experimental STM task to each participant's STM capacity. Control group participants' digit spans were not measured. Derossis et al. (1998) developed a series of tasks that ranged in difficulty and techniques in order to quantitatively assess technical endoscopic surgery skills. One of the tasks was a peg transfer task. Derossis et al. (1998) used two pegboards consisting of six nails each that were arranged in either a circle or a square. Participants in their study were asked to pick up a peg with their left hand, transfer it to their right hand and place the peg on the other pegboard. The procedure was then reversed. In a later study, Fried et al. (1999) demonstrated that this peg-transfer task was significantly correlated with in vivo performance. The peg transfer task used in Derossis et al. (1998) and Fried et al. (1999) studies was slightly modified for this experiment. During every trial of the experiment participants performed a peg transfer task. Participants transferred three foam objects (1.5 mm thick, 1 cm center-hole diameter, and 0.23 g) in a certain order from the pegs on one side of the pegboard to the pegs on the other side. Foam objects were transferred from the left side to the right side and vice versa, starting with either the top or bottom object, and transferred in successive order. Participants started with either the topleft, bottom-left, top-right, or bottom-right object (starting positions were randomized). The forceps were placed on the contact buttons prior to the start of every trial. As an example of the participant's task on a given trial, consider a participant starting with the top-left object. The participant began a trial by pressing the left contact button, thereby starting the timer and sounding the buzzer, with the forcep controlled by the left hand. The participant picked up the top object from the left side using the left forcep, transferred it in the air to a forcep held by the right hand, and then placed the object on the top peg on the right side of the pegboard. The participant then transferred the middle and bottom foam objects from left to right as just described. If participants dropped a foam object they had to pick it up with the same forcep from which it was dropped. Once all three foam objects were successfully transferred, participants pressed the right contact button with the forcep controlled by the right hand to stop the timer and sound the buzzer. The experimenter recorded the time taken to complete the task and number of errors (drops), and then reset the foam objects, forceps, and timer.
Peg transfer task
Practice phase
The practice phase was conducted to familiarize participants with the graspers and the peg transfer task. The peg transfer task was demonstrated by the experimenter, and each participant performed three practice trials while directly viewing the pegboard (i.e., not through the camera and monitor-the opaque top was not present).
Pre-exposure phase
The pre-exposure phase was conducted to obtain a baseline measure of performance. During this phase, participants completed ten trials of the peg transfer task while directly viewing the pegboard.
Exposure phase
At the beginning of this phase the experimenter placed the opaque top on the box and turned on the light, monitor, and video camera. Participants completed the peg transfer task while indirectly viewing the pegboard through the monitor with a clockwise visual rotation of 90°. The opaque top prevented direct vision of the pegboard. During this phase experimental group participants additionally performed the STM task during each trial. Those participants were verbally presented a random string of digits, one less than their maximum digit span, at the beginning of each trial. Participants were instructed to rehearse the numbers while performing the peg transfer task. That task presumably engages the phonological loop component of Baddeley and Hitch's (1974) model of working memory. Participants were instructed to divide their attention as equally as possible between both tasks, giving precedence to 100% performance of the STM task at the expense of the peg transfer task (that instruction was given to ensure that participants always performed under dual-task conditions, i.e., that they did not simply give up on the STM task). At the end of each trial participants were prompted to recite the digits to the experimenter. Overall STM task accuracy was 93%. Control group participants performed the peg transfer task as described but did not perform the STM task.
Post-exposure phase
The post-exposure phase was identical to the pre-exposure phase. The opaque top was removed and participants completed 10 trials of the peg transfer task while directly viewing the pegboard.
Results
Initial exposure-phase performance
Comparing the last trial of the pre-exposure phase to the first trial of the exposure phase indicated that when control group participants switched from directly viewing the pegboard (mean time = 20.35 s) to indirectly viewing the pegboard (mean time = 114.96 s) performance significantly declined, i.e., movement time increased, t(16) = 9.82, p < 0.01. When experimental group participants switched from directly viewing the pegboard (mean time = 22.89 s) to indirectly viewing the pegboard (mean time = 144.06 s) their performance also significantly declined, t(16) = 6.31, p < 0.01.
The number of errors increased when control group participants switched from directly (mean number of drops = 0.12) to indirectly viewing of the pegboard (mean number of drops = 1.94), t(16) = 5.28, p < 0.01. The number of errors also increased when the experimental group participants switched from directly (mean number of drops = 0.06) to indirectly viewing of the pegboard (mean number of drops = 2.35), t(16) = 3.40, p < 0.01.
Performance of groups during exposure phase
Separate, 2 (groups: control versus experimental) · 30 (trials: 1-30) mixed-design ANOVAs (group was a between-subjects factor and trial was a within-subjects factor) were conducted on the movement time and error data (those two measures were not significantly correlated; averaged across groups, r = 0.16, p>0.05). For the movement time data, a main effect of trials and a significant group · trial interaction were found. As expected, performance (averaged across groups) significantly improved over trials, F(29, 928) = 31.99, p < 0.01, g p 2 = 0.50. Performance improved from a mean time of 129.51 s on trial 1 to a mean time of 39.63 s on trial 30. The interaction, F(29, 928) = 2.03, p < 0.05, g p 2 = 0.06, indicated that the experimental group took longer to complete the task initially but both groups performed equivalently in later trials (see Fig. 2a ). The main effect of group was not significant (p > 0.05, g p 2 = 0.05).
Simple effects analyses were conducted subsequent to the group · trial interaction. Movement time decreased significantly across trials for both the control group, F(29, 464) = 17.37, p < 0.01, g p 2 = 0.52, and the experimental group, F(29, 464) = 16.81, p < 0.01, g p 2 = 0.51. The form of the interaction suggested that any differences between the groups decreased across trials. For that reason, and to maintain a reasonable Type I error rate, we restricted the simple effects test of the effect of group at each level of trial to the first ten trials, rather than performing 30 such tests. A significant difference between the groups was found only on trial 3, F(1, 16) = 11.18, p < 0.005, g p 2 = 0.411. A 2 (between-subjects factor of groups: control versus experimental) · 30 (within-subjects factor of trials: 1-30) mixed-design ANOVA revealed a main effect of trials for the error data. Performance significantly improved (errors declined) over trials, F(29, 928) = 4.12, p < 0.01, g p 2 = 0.11. Performance improved from a mean of 2.15 drops on trial 1 to a mean of 0.76 drops on trial 30 (see Fig. 2b ). The effect of group (p > 0.05, g p 2 = 0.07) and the group · trial interaction were not significant (p > 0.05, g p 2 = 0.04). A one-way repeated-measures ANOVA with trials as a factor revealed that STM task performance did not vary across exposure phase trials for the experimental group (p > 0.05, g p 2 = 0.46).
Pre-and post-exposure performance
A 2 (groups: control versus experimental; between-subjects factor) · 2 (experiment phase: pre-versus postexposure; within-subjects factor) mixed-design ANOVA revealed that performance did not differ between groups for either the pre-or post-exposure phases (p > 0.05, g p 2 = 0.04, for the group main effect, and p > 0.05, g p 2 = 0.01, for the group · experiment phase interaction). Performance (averaged across groups) was significantly better in the post-exposure phase (mean time = 19.97 s) than in the pre-exposure phase (mean time = 22.92 s), F(1, 32) = 19.12, p<0.01, g p 2 = 0.37. There were no significant effects of group (p>0.05, g p 2 = 0.00) or experiment phase (p > 0.05, g p 2 = 0.01) for error.
Discussion
Performance was significantly disrupted under altered perceptual-motor conditions during early exposurephase performance (movement time and number of drops were higher), but performance improved over trials for both groups. Those results confirmed the findings of Derossis et al. (1998 ), Holden et al. (1999 , Rosser et al. (1997), and Scott et al. (2001) , and were generally consistent with findings from psychological studies of sensory rearrangement (e.g., Bingham and Romack 1999; Harris 1965; Kohler 1964; Redding and Wallace 1996; Welch 1978) . Since the movement time and error data exhibited a similar pattern of change across trials (both were initially higher but decreased over trials), the results do not indicate that a speedaccuracy tradeoff occurred (that would be indicated by an increase in the number of drops on later trials for which movement times were lower). A significant group · trial interaction was found for the movement time data during the exposure phase. The interaction (see Fig. 2a ) indicated an initial dual-task performance decrement for the experimental group (although the groups' performance differed significantly only on the third exposure phase trial, according to the simple effects analysis). That decrement did not persist during the exposure phase-experimental group performance quickly converged on control group performance.
That pattern of results is generally consistent with single resource theory (Kahneman 1974 ), but not with Wickens' (1984) multiple resource theory, which predicted that there would be no dual-task performance decrement. (This interpretation rests on the assumption that the STM task indeed tapped into the anticipated encoding/central processing stage, verbal processing code, and auditory perceptual modality; however, we cannot confirm that was the case.) The altered perceptual-motor conditions of the endoscopic simulator presumably required a considerable amount of cognitive resources for successful performance. The addition of the STM task apparently placed demands that exceeded experimental group participants' resource capacity, causing a greater initial disruption in performance for them. With practice, the perceptual-motor task came to require fewer resources (Schneider and Shiffrin 1977) or participants may have learned to effectively time-share the use of their cognitive resources in order to perform both tasks concurrently, thus allowing experimental group participants to perform comparably to control group participants in later exposure-phase trials.
According to Schneider and Shiffrin's (1977) theory of automaticity extensive practice allows a task to be performed quickly and accurately and without imposing a demand for attentional resources. Over the course of practice task performance shifts from a resourcedemanding stage (controlled processing) to a stage that requires few or no resources (automatic processing). Thus, tasks can eventually be performed simultaneously without interference from, or producing interference with other concurrent tasks (provided that there is no overload of any specific processing structure required for both tasks-no structural interference). In the present experiment performance of the peg transfer task may have shifted over trials from controlled to automatic processing, thus allowing for successful concurrent performance of the peg transfer and STM tasks. However, our participants received much less practice than is typically required to result in automatic processing (see Levy and Pashler 2001; Ruthruff et al. 2001; Schumacher et al. 2001; Schneider and Shiffrin 1977; Spelke et al. 1976) . The data on endoscopic training procedures (Hawes et al. 1986 ) are consistent with the literature on automaticity, and indicate that extensive practice is required in order to allow for optimal surgical performance. Bahrick et al. (1954) found, however, that motor tasks that are continually practiced and that possess a degree of repetitiveness quickly become less susceptible to interference from another task. The peg transfer task in the present experiment was repetitive and continually practiced, and the training period in this study was slightly longer than in the study of Bahrick et al. (1954) . Thus, it is possible that repetitive, continuous tasks performed in the endoscopic environment can quickly become immune to interference produced by concurrent cognitive activity. That is an encouraging result, since surgeons do not have the opportunity for extensive perceptual-motor practice when, for instance, they change positions relative to the camera during a surgery (although we are not suggesting that endoscopic procedures ever become completely automatic).
More research on the interaction between cognitive activity and perceptual-motor performance in the endoscopic environment is warranted. Different types of cognitive activity engage different neurocognitive components, and could thus have different effects on endoscopic performance. The extensive psychological literature on dual-task performance (see, e.g., Baddeley et al. 1984; Craik et al. 1996 ) might be fruitfully brought to bear to explore the effects of cognitive activity on endoscopic performance. The STM task used in the present study caused a slight, initial dual-task performance decrement, but other types of cognitive activity (e.g., working memory tasks that require active cognitive manipulation of information, rather than mere rehearsal) might interact differently with adaptive perceptual-motor performance under altered hand-eye mappings. Turner M, Risdale J (1997) 
